Aim: Caderofloxacin is a new fluoroquinolone that is under phase III clinical trials in China. Here we examined the effects of caderofloxacin on rat hepatic cytochrome P450 (CYP450) isoforms as well as the potential of caderofloxacin interacting with co-administered drugs. Methods: Male rats were treated with caderofloxacin (9 mg/kg, ig) once or twice daily for 14 consecutive days. The effects of caderofloxacin on CYP3A, 2D6, 2C19, 1A2, 2E1 and 2C9 were evaluated using a "cocktail" of 6 probes (midazolam, dextromethorphan, omeprazole, theophylline, chlorzoxazone and diclofenac) injected on d 0 (prior to caderofloxacin exposure) and d 15 (after caderofloxacin exposure). Hepatic microsomes from the caderofloxacin-treated rats were used to assess CYP2E1 activity and chlorzoxazone metabolism. The expression of CYP2E1 mRNA and protein in hepatic microsomes was analyzed with RT-PCR and Western blotting, respectively. Results: Fourteen-day administration of caderofloxacin significantly increased the activity of hepatic CYP2E1, leading to enhanced metabolism of chlorzoxazone. In vitro microsomal study confirmed that CYP2E1 was a major metabolic enzyme involved in chlorzoxazone metabolism, and the 14-d administration of caderofloxacin significantly increased the activity of CYP2E1 in hepatic microsomes, resulting in increased formation of 6-hydroxychlorzoxazone. Furthermore, the 14-d administration of caderofloxacin significantly increased the expression of CYP2E1 mRNA and protein in liver microsomes, which was consistent with the pharmacokinetic results. Conclusion: Fourteen-day administration of caderofloxacin can induce the expression and activity of hepatic CYP2E1 in rats. When caderofloxacin is administered, a potential drug-drug interaction mediated by CYP2E1 induction should be considered.
Introduction
Caderofloxacin lactate, (1-cyclopropyl-6-fluoro-8-difluoromethoxy-1,4-dihydro-7-[(3S)-methyl-1-piperazinyl]-4-oxo-3-quinolinecarboxylic acid lactate), which is derivatized from ciprofloxacin, is a newly developed active quinolone carboxylic acid. Initial susceptibility studies have documented that caderofloxacin is effective against aerobic/anaerobic Grampositive and Gram-negative bacteria and exhibits antibacterial activity that is markedly superior to ciprofloxacin against S aureus and P aeruginosa [1] [2] [3] . Pharmacokinetic studies completed in our laboratory showed that caderofloxacin is well absorbed and has a high oral bioavailability, a good tissue distribution, and favorable elimination half-life properties. Currently, it is in Phase III clinical trials in China. Therefore, its influence on CYP450 is very important for its further study and clinical use. The CYP enzyme family consists of multiple isoforms with different substrate specificities and catalyzes the biotransformation of a vast number of drugs [4] . The CYPs are further divided into several subfamilies based on their amino acid sequence similarities. Six of the CYPs, CYP1A2, CYP3A, CYP2C9, CYP2C19, CYP2D6, and CYP2E1, play a major role in drug metabolism [5] . Their probes have been widely used to evaluate the activities of the individual CYPs in the field of drug metabolism [6] . The cocktail approach involves the administration of multiple probes simultaneously and the measurement of the plasma kinetics of probes [7, 8] , which is more convenient and saves costs and time compared with single-probe substrate studies [9] [10] [11] [12] . In this study, a "cocktail" approach with the probes theophylline (CYP1A2), midazolam (CYP3A), chlorzoxazone (CYP2E1), dextromethorphan (CYP2D6), omeprazole (CYP2C19) and diclofenac (CYP2C9) [13, 14] were used to investigate whether caderofloxacin affects the activity of its corresponding CYPs in rats.
Materials and methods

Chemicals and reagents
Caderofloxacin was obtained from the Harbin Pharmaceutical Group Co, Ltd (Harbin, China). Theophylline, midazolam, chlorzoxazone, dextromethorphan, omeprazole, diclofenac, diazepam (Internal Standard 1, IS1), and chlorpropamide (Internal Standard 2, IS2) were purchased from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). Glucose-6-phosphate, glucose-6-phosphate dehydrogenase, β-nicotinamide adenine dinucleotide phosphate (NADP) and 6-hydroxychlorzoxazone were purchased from Sigma-Aldrich (St Louis, MO, USA). Methanol and acetonitrile were of chromatographically pure grade and purchased from Merck (Merck Company, Germany). All other chemicals and solvents used were of analytical grade or chemical grade.
Animals
Male Sprague-Dawley rats weighing 180-220 g were obtained from Sino-British Sipper & BK Lab Animal, Ltd (Shanghai, China). The rats were maintained at ambient temperature (23±1 °C) and relative humidity (50%±10%) with a 12 h light/ darkness cycle and were allowed free access to water and food. Animal experiments were carried out according to the Institutional Guidelines for the Care and the Use of Laboratory Animals and were approved by the Animal Ethics Committee of China Pharmaceutical University.
An assessment of the effects of caderofloxacin on the activities of cytochrome P450 isozymes in rats using a cocktail approach Protocol 1: Twelve rats were randomly divided into two groups. Midazolam (2 mg/kg), dextromethorphan (5 mg/kg) and omeprazole (2 mg/kg) were intravenously administered to one group, while theophylline (1 mg/kg), chlorzoxazone (1 mg/kg) and diclofenac (0.5 mg/kg) were administered to the other. Blood samples (with a volume of approximately 0.2 mL) were collected under light ether anesthesia via the postorbital venous plexus veins in heparinized tubes at 2, 5, 15, 30, 60, 90, 120, 180, 240, 360, and 480 min after midazolam, dextromethorphan and omeprazole administration and at 5, 15, 30, 60, 90, 120, 180, 240, 360, 480 , and 720 min for theophylline, chlorzoxazone and diclofenac administration. After 3 or 4 samplings, the equivalent amount of normal saline was administered to the rats via the tail vein to compensate for the blood loss. The samples were centrifuged, and the plasma was separated and frozen at -20 °C. After 7 d of washing out, the same procedures and dosages were completed again 15 min following the oral administration of caderofloxacin (9 mg/kg).
Protocol 2: On the 1 st d, the procedures and dosages were used as those described in Protocol 1. Six probes were given, and the plasma samples were obtained and stored. On the 2 nd d, all animals were given 9 mg/kg of caderofloxacin through an intragastrical administration twice daily for 14 d. On the 15 th d, the same procedures and dosages were performed again.
The effects of the chronic administration of caderofloxacin on the pharmacokinetics of chlorzoxazone in rats Twelve rats were divided into 2 groups. Group 1 served as the age-matched control and only received vehicle. Group 2 was orally administered 9 mg/kg of caderofloxacin twice daily for 14 d. On the 15th d, all rats were fasted for 12 h and intravenously administered 1 mg/kg of chlorzoxazone via the tail vein. Blood samples (0.25 mL) were collected under light ether anesthesia via the oculi chorioideae vein at 5, 10, 20, 30, 45, 60, 90, 120, 180 and 240 min after the dose was administered. After centrifugation at 3000×g for 10 min, plasma samples were obtained and stored at -20 °C until analysis. On d 16, animals from each group were sacrificed under light ether anesthesia, and their livers were quickly harvested for the preparation of hepatic microsomes, QT-PCR and Western blot analysis.
The preparation of hepatic microsomes and the metabolism of chlorzoxazone in hepatic microsomes Hepatic microsomes were prepared fresh from the agematched control and caderofloxacin treated rats mentioned above, according to methods described previously [15] . The rats were sacrificed under light ether anesthesia, and their livers were quickly harvested. The microsomal pellets were resuspended in 0.1 mol/L phosphate-buffered saline (pH 7.4) containing 30% glycerol and were stored at -80 °C. The protein concentrations were measured by using the method described by Bradford, with bovine serum albumin as the standard.
Chlorzoxazone is mainly metabolized into 6-hydroxychlorzoxazone via CYP2E1-mediated 6-hydroxylation, and the formation of 6-hydroxychlorzoxazone is used as a marker for assessing CYP2E1 activity. Preliminary experiments showed that the formation of 6-hydroxychlorzoxazone was linear for incubation times up to 20 min in 0.2 mg/mL of rat hepatic microsomes. Briefly, hepatic microsomes (0.5 mg/mL) were incubated for 20 min at 37 °C with chlorzoxazone (5-1000 μmol/L) and an NADPH generating system (0.5 mmol/L NADP, 10 mmol/L glucose-6-phosphate, 1 U/mL glucose-6-phosphate dehydrogenase, and 5 mmol/L MgCl 2 ) in a final volume of 200 μL. The reaction was terminated with the addition of 20 μL of 1 mol/L HCl. All incubations were performed in triplicate. The formation of 6-hydroxychlorzoxazone from chlorzoxazone was used to measure the kinetic parameters of the reaction. The effects of diethyldithiocarbamate on chlorzoxazone metabolism in caderofloxacin-treated hepatic microsomes To determine the inhibitory effect of CYP2E1 on chlorzoxazone metabolism, diethyldithiocarbamate (DDC), a CYP2E1 inhibitor, was used. DDC is considered to be a selective inhibitor of CYP2E1 and was used to evaluate the role of CYP2E1 in chlorzoxazone metabolism in rats. DDC (12.5 or 25 μmol/L) was added to an incubation mixture (200 μL) containing 0.5 mg/mL rat hepatic microsomes and 100 μmol/L of chlorzoxazone, and the process was performed according to the method described above. After 20 min of incubation, the reaction was terminated with the addition of 20 μL of 1 mol/L HCl. The amount of 6-hydroxychlorzoxazone formed in the reaction mixture was determined.
The measurement of CYP2E1 mRNA expression Quantitative real-time reverse transcription polymerase chain reaction (QT-PCR) was used to measure the levels of CYP2E1 mRNA in the liver [16] . The total RNA was extracted from the frozen livers using the TRIzol reagent (Invitrogen Co, Carlsbad, CA, USA) according to the manufacturer's instructions. The quality and purity of the RNA were assessed by UV spectrophotometry at 260 nm and 280 nm. QT-PCR was performed using a cDNA input converted from 2 μg of total RNA. The primer sequences were as follows: forward 5'-GAACTGAGACCACCAGCACAA-3' and reverse 5'-GATCTCATGCACCACAGCATC-3' for the CYP2E1 gene and forward 5'-CAGGTCATCACTATCGGCAAT-3' and reverse 5'-TGGCATAGAGGTCTTTACGGA-3' for the β-actin gene. After denaturing at 95 °C for 2 min, the amplification was obtained using 40 cycles of 95 °C for 5 s and 60 °C for 30 s. The melting curves were generated to investigate the specificity of the PCR reaction. For the normalization of the gene levels, the level of β-actin was used to correct minor variations in the input RNA amount or inefficiencies in the reverse transcription. The relative quantification (RQ) of the expression of each gene was calculated according to comparative Ct method using this formula: RQ=2 -ΔCt .
Western blot analysis of CYP2E1
Western blotting was used to assess the levels of the CYP2E1 protein in hepatic microsomes according to previously published methods [17] . Briefly, the microsomal proteins (20 μg) in the hepatic microsomes were subjected to sodium dodecyl sulfate-polyacrylamide (10%) gel electrophoresis and transferred to polyvinylidene fluoride membranes (Millipore Corporation, Billerica, MA, USA). The blots were blocked for 2 h in 5% non-fat dry milk in Tris-buffered saline-0.1% Tween 20 and then washed. The membranes were then incubated with the primary antibody (polyclonal rabbit antirat CYP2E1, 1:200 dilution) overnight at 4 °C followed by a horseradish peroxidase-conjugated secondary anti-rabbit antibody (1:5000 dilution) for 2 h. The immunoreactivity was detected using a chemiluminescent substrate (Thermo Fisher Scientific Inc, Rockford, IL, USA) and a gel imaging system (Bio-Rad ChemiDoc XRS+ System, Hercules, CA, USA). The levels of CYP2E1 were normalized according to the reference bands of β-actin.
Sample assays
According to their different MS assay behaviors, six probes were divided into two administration groups and were observed by LC-MS. Midazolam, dextromethorphan, and omeprazole were scanned for their [M+H] + using the scan mode of the mass spectrometer. They were measured simultaneously in our study, using a previously described assay [18] . The lowest limits of the quantitation of midazolam, dextromethorphan and omeprazole in rat plasma were 2.0 ng/mL with a good recovery (greater than 85%) and good precision (less than 10%). The linear range for these compounds was 2-2000 ng/mL. Theophylline, chlorzoxazone and diclofenac were scanned for their [M-H] -. The simultaneous determination of the compounds was developed as follows: 10 μL of chlorpropamide (2 μg/mL, IS2) was added to 0.1 mL of plasma, then the mixture was extracted with 5 mL ethyl acetate after acidification with 100 μL of 0.01 mol/L HCl. The organic layer of 3.5 mL was transferred to a clean tube and evaporated to dryness. The residue was reconstituted in 200 μL of 0.1% ammonia and centrifuged at 20 000×g. A 5-μL aliquot of the supernatant was injected into an ODS C 18 (4.6 μm, 150 mm×2.0 mm ID) column. The mobile phase consisted of 0.01% NH 4 Ac:methanol=30:70 (v/v) at a flow rate of 0.2 mL/min. The data collected by the mass spectrometer with the ESI probe was operated using the selected ion monitoring model in SIM. The resulting m/z was 179.0 for theophylline, 167.95 for chlorzoxazone, 294.0 for diclofenac, and m/z 275.0 for chlorpropamide (IS2). The lowest limits of quantitation for theophylline, chlorzoxazone and diclofenac in rat plasma were 2.0, 2.0, and 50 ng/mL, respectively with a good recovery (greater than 85%) and good precision (less than 10%). The linear ranges of theophylline and chlorzoxazone were 2-4000 ng/mL and that of diclofenac was 50-4000 ng/mL.
In the incubation mixture, the 6-hydroxychlorzoxazone level was measured using HPLC. The incubation samples were centrifuged at 20 000×g twice for 10 min. Subsequently, the supernatant (20 μL) was applied to the HPLC system (Shimadzu, Tokyo, Japan). The chromatographic separation of 6-hydroxychlorzoxazone was achieved using a Shimadzu Shim-pack VP-ODS C 18 column (150 mm×4.6 mm, 5 µm particle size). The mobile phase consisted of water containing 0.05% (v/v) phosphoric acid and acetonitrile (78:22, v/v). The flow rate was 1.0 mL/min, and the analytical wavelength was 287 nm. The linear range of 6-hydroxychlorzoxazone in the incubation mixture was 0.05-10.0 μg/mL.
Pharmacokinetic analyses
The concentration-time data of the six probes for each rat were individually analyzed using noncompartmental analysis (Phoenix WinNonlin 6.1; Pharsight, St Louis, MO, USA). The enzyme kinetic parameters were estimated using non-linear least-squares regression and a programming solver (Microsoft Excel 2010). The Michaelis-Menten equation was used to cal- 
Statistical analysis
The data are presented as the mean±standard deviation (SD) values. The significant differences between groups were evaluated using the one-way analysis of variance. If the analysis results were significant, the differences between the groups were estimated using the Student-Newman-Keuls multiplecomparison test for post hoc analysis. A P value of less than 0.05 was considered statistically significant.
Results
Effects of acute and chronic administration of caderofloxacin on the pharmacokinetic behaviors of the probes
The mean plasma concentration-time curves of the probes in the absence and presence of caderofloxacin were obtained. The results suggested that the co-administration of a single dose of caderofloxacin at 9 mg/kg via an oral application in rats did not change the pharmacokinetic profile of the six probes ( Figure 1 and Table 1 ). After 14 consecutive days of the administration of caderofloxacin (9 mg/kg), the mean AUC 0-∞ value for chlorzoxazone in caderofloxacin-treated rats was significantly lower than that in control rats (150.2±9.4 µg . h/mL in caderofloxacin-treated rats vs 214.4±7.22 µg . h/mL in control rats), and the t 1/2 of chlorzoxazone in caderofloxacin-treated rats was significantly faster than that in control rats (26.1±2.9 min in caderofloxacin-treated rats vs 31.8±2.7 min in control rats), indicating that the metabolism of chlorzoxazone may have increased ( Figure 2 and Table 2 ). Furthermore, the chronic administration of caderofloxacin in rats resulted in a slightly increasing trend in the AUC 0-∞ of theophylline, but no significant difference was found.
Effects of the chronic administration of caderofloxacin on the pharmacokinetics of chlorzoxazone in rats The cocktail approach for assessing the potential effects of caderofloxacin on the activities of hepatic CYP450 indicated that the chronic administration of caderofloxacin may induce CYP2E1, resulting in the increased metabolism of chlorzoxazone. To verify the above result, we designed an independent experiment to authenticate the effects of the chronic administration of caderofloxacin on the pharmacokinetics of chlorzoxazone in rats. Compared with control rats, chronic caderofloxacin-treated rats had lower plasma concentrations of chlorzoxazone, which resulted in lower exposure (AUC 0-∞ ) (Figure 3 ). The mean AUC 0-∞ of chlorzoxazone in caderofloxacin-treated rats (151.1±9.3 µg . h/mL) was 74% of that in control rats (204.5±14.3 µg . h/mL), and the Cl of chlorzoxazone in caderofloxacin-treated rats (6.62±0.17 mL/kg . min -1 ) was significantly higher than that in control rats (4.91±0.32 mL/kg . min -1 ). However, the value of t 1/2 was not altered by caderofloxacin treatment (27.3±1.7 min in caderofloxacin treated rats vs Table 1 . Main pharmacokinetic parameters of probes after intravenous administration of the cocktail solutions to rats in absence or presence of caderofloxacin. Caderofloxacin (9 mg/kg) was given once via intragastrical administration 15 min ahead of the cocktail solutions. Data are expressed as mean±SD (n=6). 
Probes
Metabolism of chlorzoxazone in hepatic microsomes of caderofloxacin-treated rats
To further confirm our in vivo results, metabolism of chlorzoxazone was measured in caderofloxacin-treated rat hepatic microsomes using the formation of the chlorzoxazone metabolite 6-hydroxychlorzoxazone. The formation rates of 6-hydroxychlorzoxazone in rat liver microsomes ( Figure 4A ) were obtained, and the corresponding kinetic parameters are 
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Acta Pharmacologica Sinica npg summarized in Table 3 . It is notable that the hepatic metabolism of chlorzoxazone showed biphasic kinetic characteristics, suggesting the involvement of two different enzymes. The apparent K m,1 value (high-affinity component) was approximately 45.61 μmol/L, whereas the K m,2 value (low-affinity component) was 838.18 μmol/L in the liver microsomes of control rats. The apparent maximum velocity (V max,2 ) for the low-affinity component was faster than that (V max,1 ) for the high-affinity component, but the intrinsic clearance (V max,2 / K m,2 ) of the low-affinity component was significantly lower than that (V max,1 /K m,1 ) for the high-affinity component ( Table  3 ). The fourteen-day caderofloxacin treatment significantly increased the formation of 6-hydroxychlorzoxazone in hepatic microsomes and resulted in an increase in the intrinsic clearance of the low-affinity component.
Effects of diethyldithiocarbamate on chlorzoxazone metabolism in caderofloxacin-treated hepatic microsomes
To verify the role of CYP2E1 in chlorzoxazone metabolism, the formation rates of 6-hydroxychlorzoxazone in rat hepatic microsomes were investigated in the presence of a chemical inhibitor, DDC. The results showed that DDC inhibited chlorzoxazone metabolism in a dose-dependent manner ( Figure 4B ) in hepatic microsomes from caderofloxacin-treated and control rats. In comparison with the absence of DDC, the addition of 25 μmol/L DDC significantly decreased the generation of 6-hydroxychlorzoxazone in the hepatic microsomes of control and caderofloxacin-treated rats. For the control and caderofloxacin-treated rats, the generation of 6-hydroxychlorzoxazone was 41% and 60% of that in the groups without DDC, respectively. The inhibitory effect of DDC in the microsomes of control rats was much stronger than that in the microsomes of caderofloxacin-treated rats. These results indicated that CYP2E1 is a major metabolic enzyme in chlorzoxazone depletion and chlorzoxazone metabolism could be inhibited by the CYP2E1 inhibitor DDC. The results also verified the role of CYP2E1 in chlorzoxazone metabolism in rats, which indicates that the increase in chlorzoxazone metabolism in caderofloxacin-treated rats was partly attributable to the induction of CYP2E1 activity by chronic caderofloxacin administration.
QT-PCR and Western blotting
The mRNA levels of CYP2E1 in the hepatic microsomes of control and caderofloxacin-treated rats were measured using QT-PCR ( Figure 5A ). Chronic caderofloxacin administration significantly enhanced the expression of hepatic CYP2E1 mRNA, inducing a 1.6-fold increase compared with that of control rats. The up-regulation of the mRNA level of CYP2E1 in the hepatic microsomes of caderofloxacin-treated rats was in parallel with the elevation of CYP2E1 activity, resulting in an increase in chlorzoxazone metabolism. The levels of the CYP2E1 protein in the hepatic microsomes from control and caderofloxacin-treated rats were assessed with Western blotting ( Figure 5B ). The level of CYP2E1 in the hepatic microsomes of caderofloxacin-treated rats was significantly higher than that in the microsomes from control rats, 190% of that in control rats, which suggests an up-regulation of CYP2E1 expression. The increased expression of CYP2E1 in the hepatic microsomes of caderofloxacin-treated rats was in parallel with the elevation of 6-hydroxychlorzoxazone production, which indicates that the enhancement of CYP2E1 expression in the hepatic microsomes induced by the chronic administration of caderofloxacin contributed to the increase in the metabolism of chlorzoxazone.
Discussion
An assessment of the enzyme activity of CYP450 is essential for characterizing the phase I metabolism of biological systems or to evaluate the inhibition/induction properties of xenobiotics. The most common use of the cocktail approach to date has been in the evaluation of the potential of drug-drug interactions with a new drug [19] . Because information on multiple 
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Acta Pharmacologica Sinica npg pathways can be obtained in a single study, the cocktail strategy provides an efficient means by which to screen for potential drug interactions [20] . For example, the cocktail approach has recently been used to evaluate the potential for new developing drugs to alter CYP enzyme activity [21, 22] . We evaluated the potential effects of the acute and chronic administration of caderofloxacin on hepatic cytochrome P450 activity using the cocktail approach. The results indicated that only chronic caderofloxacin administration induced CYP2E1 activity, causing a significant decrease in AUC and t 1/2 of chlorzoxazone and a distinct increase in Cl. The phenomenon also indicated that caderofloxacin may be an inducer of CYP2E1 and the chronic administration of caderofloxacin may raise CYP2E1 levels, resulting in the increased metabolism of chlorzoxazone.
When a cocktail approach is used, it is important to overcome the problem of potential drug-drug interactions between the various substrates. The probability of such interactions may be overcome by the simultaneous administration of low dosages of the validated probe drugs in a tailored cocktail approach, providing information on several metabolic pathways in a single experimental session [23, 24] . However, the results obtained from the mixed probe administration still need to be confirmed by the individual administration of each specific probe of the CYPs in an independent study. Thus, we designed an experiment to verify the pharmacokinetic drug interaction between caderofloxacin and chlorzoxazone. The results indicated that the metabolism of chlorzoxazone in chronically caderofloxacin-treated rats had evidently increased and caderofloxacin had the potential to elevate rat hepatic CYP2E1 activity in vivo. It was interesting to find that caderofloxacin treatment increased the clearance of chlorzoxazone in rats, but its half-life was not significantly changed. This phenomenon may be due to the involvement of two enzymes in the metabolism of chlorzoxazone, a high-affinity component and a low-affinity component. It was found that the intrinsic clearance of the low-affinity component (V max,2 /K m,2 ) in caderofloxacin-treated rats was significantly higher than that in control rats. However, the chronic caderofloxacin treatment did not affect the intrinsic clearance of the high-affinity component (V max,1 /K m,1 ). The low-affinity component is responsible for the metabolism of high concentrations of chlorzoxazone, while the high-affinity component is in charge of the metabolism of low concentrations of chlorzoxazone, which results in the increased clearance and unchanged half-life of chlorzoxazone in caderofloxacin-treated rats.
The in vitro microsomal study demonstrated that CYP2E1 is a major metabolic enzyme involved in chlorzoxazone metabolism in rats and a fourteen-day caderofloxacin treatment significantly increased the activity of CYP2E1 in hepatic microsomes, leading to the increased formation of 6-hydroxychlorzoxazone in the hepatic microsomes of caderofloxacintreated rats. Furthermore, the study results from QT-PCR and Western blot analysis also showed that chronic caderofloxacin treatment induced the mRNA and protein expression of CYP2E1, which were consistent with the pharmacokinetic results.
CYP2E1 catalyzes the biotransformation of almost 2% of all clinically used drugs in humans [25] . Rat CYP2E1 is a homolog of human CYP2E1 and is expressed in many tissues, including the liver [26] . CYP2E1 is a classic ethanol-inducible CYP and has been extensively studied because it catalyzes the metabolism of drugs, such as acetaminophen, chlorzoxazone, and halothane, and endogenous substrates, such as arachidonic acid, fatty acids, gluconeogenic precursors and estrogenic metabolites. It also bioactivates several procarcinogens and protoxins, including N-nitrosodimethylamine, benzene, and carbon tetrachloride, to their reactive intermediates [27] . CYP2E1 generates reactive oxygen species (ROS) and substrate-derived radicals, such as oxygen and hydroxyl radicals, which can mediate lipid peroxidation, protein inactivation and DNA damage, leading to cellular injury, especially in the presence of CYP2E1 inducers [28] . Several clinical disorders are associated with changes in the regulation of CYP2E1 and its consequent abnormalities, which include alcoholic liver disease, carcinogenesis, hepatocellular and cholestatic injury, among others [29] . Some drugs exert their hepatotoxic effects through the involvement of CYP2E1. For examples, furan is metabolized by CYP2E1 to a toxic metabolite, cis-2-butene-1,4-dial, that may interact with Figure 5 . The expression of (A) the mRNA levels and (B) the protein levels of CYP2E1 in the hepatic microsomes of control (white bar) and caderofloxacin-treated (shaded bar) rats. Caderofloxacin (9 mg/kg) was given via an intragastrical administration twice daily for 14 d. The data are expressed as the mean±SD (n=4 [30] . Tetrandrine promotes mitochondrial dysfunction in hepatocytes through the generation of ROS induced by CYP2E1 [31] . Hepatic injury induced by the metabolism of acetaminophen (N-acetyl-p-benzoquinone imine) is usually mediated by an increase in CYP2E1 activity and enhanced ROS generation via the direct activation of the JNK-dependent cell death pathway [32] . In the present study, after the treatment of rats for 14 d with caderofloxacin, both the enzyme activity and the protein and mRNA expression levels of CYP2E1 were significantly increased when a dose of 9 mg/kg was administered. We observed a significant decrease in the chlorzoxazone level in rats after the chronic administration of caderofloxacin, indicating that caderofloxacin may induce the expression of CYP2E1 in vivo. The mRNA and protein expression results agreed with the pharmacokinetic results, which seemed consistent with a previous report. This report found that the chronic administration of ciprofloxacin could cause the up-regulation of CYP2E1 in mouse microsomes using Western blot analysis [33] . Recent clinical investigation has indicated a significant association between ciprofloxacin use and an increased risk of hepatotoxicity [34, 35] . This hepatotoxicity has resulted from the induction of the drug metabolizing enzyme CYP2E1 by the administration of ciprofloxacin. Because caderofloxacin is a newly developed active quinolone derivatized from ciprofloxacin, more attention should be paid to the liver injury induced by caderofloxacin in its future clinical use. In addition, CYP2E1 is involved in the diverse oxidative metabolism of a wide spectrum of endogenous compounds as well as xenobiotics, including procarcinogens, such as benzene [36] and the commonly recognized hepatocarcinogen, caderofloxacin. This may lead to the accumulation of carcinogenic metabolites in vivo, and it is possibly harmful to the human body when it is used in long term. Furthermore, caderofloxacin is used in combination with other drugs metabolized by CYP2E1, and more attention should be paid to the potential drug-drug interactions to reduce adverse reactions or the failure in treatment due to low plasma concentration.
It has been considered clinically important to focus on the potential interaction between theophylline and new quinolone antimicrobial agents [37] . Accumulating evidence has shown that CYP1A2 is the major enzyme responsible for theophylline metabolism [38] . The concomitant administration of drugs that can inhibit this enzyme may predispose patients to theophylline toxicity. A series of fluoroquinolones, including enoxacin, ciprofloxacin, tosufloxacin, clinafloxacin, grepafloxacin, pefloxacin and antofloxacin, have been reported to interfere with theophylline metabolism by inhibiting CYP1A2 activity [39] . For example, ciprofloxacin causes a decrease (30%) in the total body clearance of theophylline, which results in a series of clinical signs and symptoms of theophylline toxicity [40] . Consequently, it is important to evaluate the potential risk of caderofloxacin, which may decrease the metabolism of theophylline through its inhibition of the activity of CYP1A2. However, the results indicate that the acute or chronic administration of caderofloxacin did not change the activity of CYP1A2. This finding agrees with a previous study, which reported that caderofloxacin is a negligible inhibitor of CYP1A2 in human microsomes [41] . In conclusion, the activity of hepatic CYP2E1 increased as a result of the elevated mRNA and protein levels of hepatic CYP2E1 induced by the chronic administration of caderofloxacin. The co-administration of caderofloxacin should be considered a potential drug-drug interaction mediated by the induction of CYP2E1.
